Interventional cardiovascular procedures result in considerable radiation doses to patients due to prolonged fluoroscopy exposure times.
Introduction
Interventional cardiovascular procedures result in considerable radiation doses to patients due to prolonged fluoroscopy exposure times. 1) However, it is believed that the radiological risk to patients is lower than that of radiofrequency catheter ablation (RFCA) for the treatment of arrhythmias. The RFCA procedure frequently requires more radiation exposure to patients than other interventional procedures in the cardiology field. 2) One of the severe but easily overlooked acute complications of radiation exposure is radiation-induced dermatitis (RID). Early skin changes in RID include erythema, blister formation, epidermal desquamation, and acute ulceration. Late or chronic skin changes consist of hypo-or hyperpigmentation, telangiectasia, cutaneous induration, recurrent erosions, severe ulceration, and scarring. 3) These skin changes can resemble many other dermatologic conditions, which can delay the definitive diagnosis of RID. 4) Furthermore, as skin lesions can develop over a period of days to weeks, [5] [6] [7] [8] the diagnosis may be missed without the clinician's awareness.
Because RFCA is usually performed with fixed angle radiation over a period of hours, RID can occur on predictable skin areas. However, the degree of radiation exposure in fluoroscopy patients during RFCA depends on the fluoroscopy machine and whether it is single plane or biplane. It is also influenced by patient age, sex, as well as individual patient susceptibilities. Furthermore, because RID is rare, its incidence, clinical, and pathologic features are not known well. Few reports have measured the radiation exposure to patients during RFCA (Table 1) . [5] [6] [7] [8] [9] [10] [11] In the present study, we analyzed RID incidence and characteristics for patients who underwent RFCA.
Subjects and Methods

Study population
A total of 1347 consecutive patients who underwent RFCA procedures between 2000 to 2011 for any indication and were evaluated for dermatologic complications following RFCA were screened. Each of the 1347 patients routinely visited the arrhythmia clinic 1 month after RFCA and reported complications to the physicians. Patient characteristics and procedural data were analyzed.
RFCA procedure
RFCA procedures were performed at a single center by three independent expert electrophysiologists using the same fluoroscopy machine (Integris BH 5000 Bi-Plane system; Philips Medical Systems, Amsterdam, The Netherlands). The routine baseline settings of the biplane fluoroscopy angle were(right anterior oblique (RAO) of 30 degrees and left anterior oblique (LAO) of 60 degrees. Of the 1347 patients, a total of 894 patients had exact fluoroscopy time data available. The fluoroscopy frame rate setting was routinely set at 15 frames per second.
Radiation-induced dermatitis (RID)
Patients who complained of skin problems at the 1-month follow-up were retrospectively reviewed. An expert dermatologist re-diagnosed skin lesions based on clinical data including medical photos or medical descriptions. Lesions were classified into three groups: (1) most likely RID, (2) probable RID, and (3) possible RID. Patients in the 'most likely' RID or 'probable' RID groups comprised the RID group. Patients without any skin complications comprised the normal group.
Statistical analyses
Unless otherwise specified, all data are expressed as mean values±standard deviation. We used chi (χ 2 )-square tests to compare characteristics among patients, the Fisher's exact tests for categorical covariates, and the Student's t-tests for continuous covariates. For the risk factor (univariate/multivariate) analysis, we used binary logistic regression analysis. A receiver operator characteristic curve was used to determine the cutoff value of fluoroscopy time and body mass index (BMI) for RID. We selected the appropriate cutoff value which had high values for both sensitivity and specificity, using the Youden's index (sensitivity+specificity 1). Statistical analyses were performed using SPSS version 21 (IBM/ SPSS Inc., Chicago, IL, USA). The category free net reclassification improvement (NRI) and integrated discrimination improvement (IDI) were calculated with R v.3.02 (https://www.r-project.org/)) which is available as Free Software under the terms of the Free Software Foundation's GNU General Public License in source code form.
Results
Incidence of radiation-induced dermatitis
Of the 1347 patients who underwent RFCA, 12 patients who complained of skin problems within 1 month (0.89%). Nine patients had sufficient medical photos to review, and seven patients had skin biopsy data. Of these, six patients were classified as 'most likely' having RID, four patients having 'probable' RID, while one patient had possible dermatitis and another had a lesion that could not be re-evaluated due to the lack of sufficient medical data needed for re-diagnosis. Table 2 shows the characteristics of 10 RID patients. Fig. 1A -F shows medical photos of six patients that most like had RID. Detailed medical data are shown in Table 2 (patients 1-6). Of these patients, two patients required surgical repair for their skin problems. Detailed medical data of patients with probable RID are also listed in Table 2 (patients 7-10). Of these, one patient needed surgical repair for skin problems.
Cases of RID
Characteristics of the RID group
In 10 patients with RID, the skin lesions did not improve without medical or surgical treatment and were vulnerable to minor trauma. Because patients were exposed at a fixed angle, all patients in the RID group had lesions on the back of the right thorax and posteriolateral aspect of the right proximal arm. Seven cases improved with medical treatment alone, but three cases required surgical intervention.
In Table 3 , we compare the 10 patients in the RID group with the 1335 normal group patients. The mean body weight and body mass indices (BMIs) of the RID and normal groups were 29.3 and 23.9, respectively (p<0.001). Body surface area (BSA) was also significantly higher in the RID group (p=0.006). Fluoroscopy times were significantly longer in the RID group. Age, sex, or past medical history did not affect the incidence of RID.
Risk factors for RID
In univariate analyses, BMI (p<0.001), BSA (p=0.001), fluoroscopy time (p<0.001), and repeated RFCA (p=0.001) were significant risk factors for RID. Age, sex, indication for RFCA, or previous history did not correlate with RID. In multivariate analyses including BMI, BSA, fluoroscopy time, and repeated RFCA, BMI (p=0.016), fluoroscopy time (p=0.001), and repeated RFCA (p=0.006) were significant risk factors for RID. BSA was not correlated with RID (p=0.293). The detailed data is described in Table 4 .
Based on the results of the ROA curve in Fig. 2 , the BMI cutoff was 26 kg/m 2 (area under curve [AUC] 0.903, p=0.001; sensitivity, 100%; specificity, 74%) and fluoroscopy time cutoff value was 115 min (AUC 0.953, p<0.001; sensitivity, 100%; specificity, 91%). The jointly obtained optimal cutoff values were 156 min and 27 kg/m 2 . The fluoroscopy time added on BMI did not show an additional prognostic power despite the greatest area under curve 0.980 (p<0.001), as measured by the category free NRI (p=0.39) and IDI (p=0.95).
Among 894 patients with exact fluoroscopy times, The mean estimated radiation doses of patients with or without RID were 25.1±4.6 vs. 6.8±7.3 Gy, respectively (p<0.001). Assuming that the radiation dose as obtained from the medical records is 0.147-0.375 Gy per minute, exposure time >115 minute can be calculated as total exposure dose of 17-43 Gy. 
Subgroup analyses for patients with high BMIs and long fluoroscopy times
Among 894 patients with exact fluoroscopic time information, we further analyzed 41 patients with a BMI >26 kg/m 2 and fluoroscopy times >115 minutes. There were 6 RID patients and 35 normal group patients. Of the 35 patients without complications, 29 cases (82.9%) underwent single-plane fluoroscopy because a 3-D mapping system was used. The remaining 6 patients without RID and 6 patients with RID were treated with biplane fluoroscopy.
Discussion
This is the first study with large-scale data to report the RID incidence following RFCA. The findings in this report highlight the importance of minimizing the radiation dose in individual patients to avoid catastrophic dermatologic complications. Physicians should pay special attention to patients with high BMIs (over 26 kg/m 2 ) and when fluoroscopy times are longer than approximately 2 hours.
According to previous studies, 12) acute, dose-dependent skin effects of beta-radiation are as follows: erythema from 6 Gy; moist desquamation from 18 Gy, ulceration with slow healing at 24 Gy, and ischemic dermal necrosis from 18 Gy. In daily practice, the thresholds vary by radiation source and each individual, and determining the exact dose given to a patient is not an easy task. Of 894 patients with exact fluoroscopy times, assuming that the radiation dose is 0.147-0.375 Gy per minute, the cutoff exposure time >115 minute from our result can be calculated as the total exposure dose of 17-43 Gy, which correlates with the previous known cutoff value of radiation-induced severe dermatitis.
Patients receiving RFCA are typically exposed to fixed angle radiation for an extended period of time. Although fluoroscopyinduced skin injuries are rare, 13) physicians on occasion overlook this preventable but severe skin complication. In the present study, RID ranged in severity from erythema to tissue necrosis requiring skin graft surgery. 14) Radiation can penetrate the human body but is rapidly attenuated by the tissues. Therefore, the maximum radiation dose accumulates in the skin at the point of entrance. 15) In our patients, the sites of injury were the right arm and back, which is very distinct in RID following fixed angle RFCA. As described, we routinely use fixed angle fluoroscopy with a RAO of 30 degrees and LAO of 60 degrees. The radiation generator with LAO of 60 degrees is usually very close to the right arm of a patient, which is a common site of RID, particularly for patients with a high BMI (Fig. 3A and B) . Therefore, we recommend adjusting the radiation projection angle (e.g., adjust LAO angle from 60 degrees to 30 degrees) to prevent RID in patients with high BMIs and long procedure times (Fig. 3C) . Fluoroscopy angles generally used during cardiac electrophysiological studies are LAO 60 and RAO 30. Frequent alternative angles that are used are LAO 30 and RAO 30. Our suggestion of LAO 30 is not arbitrary but based on general practice. X-ray penetration through thicker body masses usually requires higher radiation doses. In obese patients with high BMIs, radiation doses can be several times higher compared to patients with lower BMIs. In general, current fluoroscopic equipment automatically adjusts the radiation dose to achieve a certain level of resolution on the image intensifier, and the operator may not be aware of how much radiation the patient is receiving during the procedure. This can result in RID, which is most often reported in obese patients.
6)7)16)
In the present study, we found that RID is highly predictable in obese patients with long procedure times. The ROC curve showed that the AUC of both BMI and fluoroscopy time were greater than 0.90. Although integration of these two factors did not improve the predictive power, the AUC of the integration curve was the greatest. The reduced image quality in overweight patients may increase the technical difficulty of the procedure, potentially prolonging procedure times and, thus, requiring greater radiation input. Accordingly, in planning RFCA, operators should take into account the patient's BMI and be prepared to adjust their approach accordingly. Therefore, misdiagnoses and delayed diagnoses of RID could be avoided.
One limitation of this retrospective study is the lack of exact fluoroscopy times and/or radiation doses for 453 patients (33.7%). As there were only 10 RIDs among 1347 patients, weak statistical power is an additional limitation to this study. We cannot determine that the cutoff value presented is an absolute number, as values can be alteredoin future studies. Based on these findings, The authors proposg that with increasing BMI and fluoroscopy time, greater concern should be given to the increased likelihood of ra diation dermatitis.
Conclusion
RID is a critically severe but predictable complication following RFCA. Patients with a high BMI had a higher risk of developing RID with increased exposure times or repeated RFCA using biplane fluoroscopy. Preventive measures, such as adjusting the projection angle, reducing the radiation dose, positioning the radiation generator farther from patients' skin, and careful observation of skin complications during follow-up, should be implemented in these patients.
